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Abstract—The high molecular weight constituents of the branched and ¢yclic hydrocarbon
fraction of tho Messel oil shale (Eocenc) have been examined by high resolution gos chroma-
tography and corbined gas chromatography-mass spectrometry. The following compounds
sre present: perhydrolycopene (1; lycopanc), togethor with one or more unsaturated analogues
with the same skeleton; a scrics of 4-methylsteranes (2¢) in higher abundance than their 4.
desmethyl analogues; two serios of pentacyclic triterpanes, one series (Cy~Cy,) hased on the
hopune structure (3a—e), and tho other (C;,~Cj;) based on tho 17a-H hopane structure (3a-d,
17sH); and an intact triterpene hop-17(21)-ene (30, A17(21)). Only two additional triterpanes
were detected in minor concentrations, viz. 30-normoratane (3b, 21aH) and a C,, triterpane
bascd on the hopaneflupane-type skeleton. Tho presence of thess compouuds suggests a
signifieant microbial contribution to the forming sediment. Comparison of the tri- and tetra-
terpenoid hydrocarbons with those of the Green River Shalo indicates differences in the orga-
nisti.s contributing to tho two sediments. .

INTRODUCTION

Tux MessEL oil shale is an organic-rich Bocene sediment (~ 50 X 10° yr old) located
9 kwm north-cast of Darmstadt, Germany. Geological studies indicate & particularly
uneventful history and it is apparent that the sediment has experienced milder
conditions (probably no more than 40°C) than those of the well-documented Green
River Formation oil shale, U.S.A., of the same age. The shale is prescrved in a
basin 1000 m long and 700 m wide and the organic-rich layer has not been buried
deeper than about 200 m (AlaTThES, 1968). It was probably deposited in a series of
shallow swampy lakes linked by slow-moving fluvial systems; analyses of fossil
plants and pollens (MarTHrs, 1968; SITTLER, 1968) indicate that a hot, damp,
tropical climate existed at the time of deposition. In the presont study the sediment
samples analysed comprise mainly gyttja (sapropelic black mud) with fine sandy
clay intercalations (MarTHES, 1968). The shale is composed of 25 per cent organio
material, 35 per cent inorganic material and 40 per cent water (MarTHES, 1968); the
inorganic portion is mainly montmorillonite, and most of the organio carbon is
present as kerogen.

Previous studies of the soluble fraction have identified isoarborinol (4a)
(AvsrEcET and Ouwrissox, 1969), arborinone (4b) and friedelin (5), a series of
da-mothylstanols (2a) and 4«-methylstanones (2b), and very small quantities of
phytosterols (8a,b,c) (MarTERN ef al., 1970). Preliminary analysis of the hydro-
carbons (ArerEchT, 1069) indicated the absence of arborane, arborene and squalene;
n-alkanes in the range #-Cy; to n-C;3 (C.P.I. > 6) aro present, the main component
being #-C;;. The lower molecular weight region of the branched and cyclic alkane
fraction contains mainly isoprenoid alkancs with carbon numbers C,s (farnesane),
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¢ R= C;Hy and A-22

8a R=/50CH,
b R=CH,

Cies Ciss Oy; (pristane) and C;, (phytans), in the relative abundances C,; > G, >
Oy > ;5 > Oy (ArBrECET, 1069). Three types of aromatic hydrocarbons were
isolated and mass spectrometric data indicated components of the formulae C,;H,,
(72), CoH,;: (7b), CyeHy (83), CpsHag (8b) and CyeHj, (9), compatible with the pro-
posed structures indicated. The present study describes a detailed examination of
the high molecular weight terpenoid components of the alkane and alkene fractions.
A preliminary report of part of this work has appeared elsewhere (Exsyaxcrr ef al:,
1972).
EXPERDIENTAL
The authentic standards used were: lycopane froin catalytic hydrogenation of lycopens

(Hofraann Ln Roche) in ethyl acctate over pallndium/foharcoal; la-, 22-, 3f- and 4z-methyl.
cholestanea (Kxymrr ¢t el., in pross); hopane, 17aH-hopane, moretane, 17aH-moretano from
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Prof. R. E. Corbett; 22,29,30-trisnorhopanse, 30-norhopaune, homohopane and 17X analogues
(ExsMINOGER et al., 1974); cholestane; stigmastane from Dr. W. MoCrae.

@Gas-liqguid chromatography (GLC)

GLC was initially carriod out using & 10 ft X 4% in. stainless steel packed column (3 per cent
OV-17 on 100-120 mesh Chromosorb W; 270°C; nitrogen carrier gas, 10~12 ml/min), and a
Perkin-Elmer Mark 1 F-11 gas chromatograph (injector block 200-310°C).

Preparative GLC conditiona for lycopane were:—column 10 ft X } in., 3 per cent SE 30 on
80-100 mesh Ges Chrom Q, 80 ml/min Ar, programmed from 150~300°C; effluent trapped in
liquid nitrogen. Capillary GLC was carried out on thres stainless steel open tubular capillary
columns as follows:—

(i) 751t x 0-01 in.1.d. column coated with OV-101 in & Perkin-Elmer 226 gas ochromatograph
incorporating a pre-column carrier gas splitter. Carrier gas (He) flow rate was 2 or 3
ml/min; the injeotor block was maintained at 300°C and the ocolumn was cperated
isothermally at 260°C. Column effociencies were celoulated to be 26,000, 20,000 and
15,000 theoretical plates for n-Cpy, n-Cy; and n-C,, standard alkanes, respectivoly.

(ii) 150 fv x 0-01 in. i.d. column coated with Dexsil 300 (Perkin-Elmer Ltd.) wasused in a
Perkin-Elmer Mark IT F-11 gas chromatograph. The flow rato (He) was 3 ml/min;
the injector block was maintained at 320°C, and the column was operated isothermally
at 280°C. Column efficiency was caloulated to be 69,000 theorstical plates for 5z-
cholestane.

(iii) 100 f& X 0-01 in. i.d. column coated with OV.101 (Perkin~Elmer Ltd.) was used as
described in (ii), except for isothermal operation at 250°C. Column efficiency was
calculated to be 25,000 theoretical plates for Sx-cholestane. .

Combined gas chromatography-mass specirometry (GC—ALS)

Mass spectre were obtained using & Varian Aerograph 1200 gas chromatograph coupled by an
all-glass single-stage Watson-Biemann He separator to a Varian MAT CH-7 single focussing mass
spectrometer. The accelerating potential was 70 eV, the filament current 100 or 300 p2A, and the
instrument resolution §00-1000. The gus chromatograph was used initially with the packed
column described above and subsequently with the capillary columns described in (ii) and (iii)
above. Under these conditions the effleiency of column (ii) was ca. 55,000 theorstical plates for
Sa-cholestane.

Tsolation and analysis.of branched and cyclio alkanes and alkenes
Analyses of the alkanes were carried out on two different solvent oxtracts of the shele.

(i) Extract I was obtained using & mixture of light petroleum (b.p. 60-80°C) and ethyl
acetate (4:1) and the total hydrocarbons (0-25 por cent of 1 kg of dry rock) were isolated
by column chromatography (SiO,/light petroleum, b.p. 860~80°C). Additional column
chromatography (SiO,/light petroleum) and thin layer chromatography using silica gel
impregnated with 10 per cent AgNO, XAg"'—TLG) gave the total alkanes (226 ppm).
Treatment of the total alkanes with § A molecular sieve (O’Coxxon et al., 1962), and

*  uren adduction (Cox, 1871) gave the total branched and cyoclic alkanes (56 ppm) which
were ro-purified by Agt—TLC (hexane) and further simplified by thiourea adduction
(MorraY ot al., 19687). The resulting adduct and non-adduct fractions were analysed
by packed columnn and capillary columa (i) GLC and packed column GC-MS.

(ii) Extract X was obtained using cyclohoxane; elemental sulphur was removed by the
method of Buoamr (1967). The sulphur-freo extract (0-2 per cent of 1-5 kg of rock) was
chromatographed (neutral alumina colurmn/hoxane) to give the total hydrocarbons
{0-04 per cent) from which tho branched and cyclic hydrocarbone were isolated on
adduction of the straight chain components with urea. The alkanes (ca. 20 ppm) and
alkenocs (ca. 270 ppm) were scparated by Agt—TLC (hexano developer).

An aliquot of tho branched and oyclic alkenes from Extract IT was hydrogenatod (PtO,/C
EtOAc/atmospheric pressuro of Hj) and the resulting alkanes wero isolated by Agt—TLC.
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The alkiono and slkene fractions obtained (Extract II) were analysed by capillary column
[described under (ii) and (iii) above] GLC and by packed column and capillary GC-MS (colunns
ii and iii).
Rzsurrs

Xdentifications were based on high resolution gas chromatography on Dexsil 300
and OV-101 by coinjection with authentic standards and comparison of mass spectra
with those of the standards. This method is similar to that used by HEXDERSON
el al. (1968a, b) for the identification of steranes and triterpanes in the Green River
Formation oil shale. The chromatogram of the urea alkane non-adduct (Extract II)
on Dexsil 300 is shown (Fig. 1), the peak numbers corresponding to the components
summarized in Table 1.

20 | ]:
4 P I |
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Fig. 1. Capillary gas chromatogram of Messol branched and cyclic elkanes
(Extract II, uroa non-adduct) on Doxsil 300 (isothermal 280°C).

Lycopane (perhydrolycopene, 1)

The mass spectrum (Fig. 2a) of the main component in the thiourea adduct
fraction of Extract I (also peak 18 in Fig. 1) indicated an acyeclio alkane with exten-
sive branching. Detailed information could not be obtained from the GC-MS
spectrum of the region above m/e 480 as the ions were of particularly low intensity.
The GC-MS spectrum (Fig. 2b) of an authentic sample of lycopane from catalytic
hydrogenation of lycopene strikingly resembled that of the Messel component but
again it was not possible to determine the molecular ion exactly. More intense
spoctra of this region (incorporated into Figs. 2a, b) were obtained by direct insertion
mass spectrometry (perfluorokerosene marker) of the Messel component isolated by
preparative GLC and of authentic lycopane.

Further proof of identity was obtained by capillary column GLC. Coinjection of
authentic lycopane (1; Kovats indices: 3471 on Dexsil 300, 3506 on OV-101) with
the thiouren adduet fraction of Extract I and with the total branched and cyclic
alkanes from Extract II (Iig. 1), produced peak enhancement. The similarities in

)
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Table 1. Polyterpenoid branched and cyclic alkanes identified in Messel oil shale by capillary

GC-MsS
{Peak nurabersa refer to Fig. 1)
Peak Formula Assignment Struoture
1 CyrHye &p-Cholestane 10a; 5pH
2 (o N - 9 Cholestano 10a
3 sEs0 4-Methyl-58-cholestane 2¢; 5fH; Ry = H
4 CosHyo 4-Methylcholestane 2¢;R, = H
s CyrH e 17«H-trisnorhopane 3a; 17«H
6 Cy H,e Trisnorhopane 3a
7 CgoHye 4-DMethylergostane 20; Ry = CH,
8 Cyetys Stigmastane 100
9 CeoHyo 17«H-Norhopane 3b; 17«H
10 CyoH 4-Methylstigmastane 20; Ry = C,H,
1 Coo g 30-Normoretane 3b; R = 21cH
12 Cyotlye 17«H-Hopane 3c; 17aH
13 CypoHyo Pentiacyolio triterpene
14 CyoHyo Norhopane 3b
16 Cy Hys 17«H-Hoinohopane 3d; 17«H
16 CyHy, Pentaoyclic triterpane
17 CayoHge Hopane 8e
18 CeoHga Lycopane 1
19 Cy ;s Homohopane 3d
20 CaeHy, Bishomohopane 3e

the GC-)DIS spectrum of peak 18 (Fig. 1) and in the direct insertion spectra of authen-
tio Iycopane and the preparative GLC sample which included the shoulder on pesk
18 suggest that the shoulder may be a compound similar to lycopane; indeed, its
presence could indicate separation of diastereoisomers of lycopane.

In both spectra (Fig. 2) the ion at mfe 560 could represent the molecularion for
& mono-unsaturated or monooyclic alkane impurity of formula C,H,,. However,
this is unlikely because neither spectrum contains fragment ions (e.g. M-15 and
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Fig. 2. Mass spectra from capillary GC~-MS on Doxsil 300 of (a) Messel component
18 in Fig. 1 and (b) authentic lycopane (CyoH,a, 1), respectively.
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C,H.:,..1) expected from a monooyeclic carotenoid alkane such as perhydro-y-carotene.
Also, bromination of authentic lycopane followed by Ag+-TLC purification failed to
produce any change in the spectrum. The M-2 ion at m/e 560 therefore appears to
be a genuine fragment ion, as do those at m/e 252, 308, 336, 406 and 476, of the C,H,,
series.

Methylsteranes and steranes (T'able 1)

The spectra of four oycloalkanes (CygH,g, CesHsor CaoHsa and CspH,,) present in
the thiorea adduct (Extract I) and in the urea non-adduct (Extract II, Peaks 8, 4, 7
and 10, Fig. 1) showed fragmentation patterns analogous to those of the authentic
sterane series cholestane (Cy;H,,, 10a), ergostane (C,H;,, 10b) and stigmastane
(CeoHy, 100) (HENDERSON ef al., 1908a, b; ANDERSOXN éf al., 1969). The major
features of the seven spectra are summarized in Table 2. Thus, for the Messel

Table 2. Structurally significant ions in the mass spectra of four Messel oil shale alkanes and
those of authentio (AwpERSOxN ¢t al., 1869) cholestane, ergostane and stigmastane

Peak no. M. M.

(Fig. 1) Formula  Assignment Struoture Bignificant ions 124 15 M
3 CyHyo 4-Dethyl-80-cholestane  20; SFH; R, = H 163/

165 217 231 232 246 202 371 338

¢ Cy s 4-Mathyloholestans 2R, =K 163 217 231 233 246 202 371 388

] CyH,s 4-Methylergostane 2c; R, = CH, 163 217 231 232 246 276 385 400

10 Cyollys 4-Methylstigmastane 2c; Ry = C,H, 163 817 231 232 346 200 399 414
M- 2.

110 158 Mt

-— CyrHee ‘Cholestane 10a 149 203 217 218 232 262 337 373

- CyeHyo Ergostane 10b 140 203 317 318 233 276 371 380

CyHyy  Stigmastane 100 149 203 217 218 232 200 385 400

components the ions from ring D fragmentation ocour at m/e 231 and 232 (cf. mfe 217
and 218 for the C,,—C,, steranes) and the fragment ions at mfe 163, 217 and 246 have
similar relative intensitics to the ions at mfe 149, 203 and 232, respectively, in the
Cqyr~C;, steranes whose spectra have been previously reported in detail (HExDERSON
el al., 19682, b; ANDERSON et al., 1960). These features indicate that the Messel
components are methyl-substituted analogues of cholestane, ergostane and stig-
mastane, the position of substitution being limited to one of the carbon atoms
1,2, 3, 4, 6 and 19 (TOKES ef al., 1968). An authentic sample (K1MBLE et al., in press)
of 4ez-methylcholestane (20, R, = H) gave the expected spectrum and enhanced
peak 4 (Fig. 1) when coinjected on Dexsil 300. Synthetic samples of 1a-methyl-,
2a-methyl-, 3f-methyl-, and 4z-methylcholestane which have similar mass spectra
were all separable by capillary column GLC on Dexsil 300 (KninLe el al., in press).
The evidence suggests that peaks 3, 7 and 10 (Fig. 1) are also 4-methylsteranes.
Comparison of the intensities of the ions at mfe 163 and 165 in the spectrum of
peak 3 with those in the spectrum of the assigned 4-methylcholestane suggest that
peak 3 is the 58 analogue of 4-methylcholestane, the relative intensities of the two
ions paralleling those of the ions at m/e 149 and 151 in the spectra of cholestane and
58-cholestane (Garrecos, 1971). Peaks 1, 2 and S were assigned in.the usual way
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as 5p-cholestanc (10a; 5FH), cholestanc (10a) and stigmastane (10c) respectively, by,
comparison with authentic standards.

The stereochemistry of the C-4 methyl group remains unproven, as the 4«-'and
4f-isomers may not be distinguishable under the GLC conditions used. Considera-
tions of sterol biosynthesis and the relative abundance of the 4x-methylsterols
compared to 45-methylsterols in organisms (REES and Goopwix, 1972, and refer-
ences therein), together with the inherent stability of the 4«-isomers with respect to
the 4f-methyl - compounds (PYmEx, 1969), suggest that these geological methyl
steranes are probably the 4x-methyl series.

Triterpanes* (Table 1)

The spectra of the major higher molecular weight components (listed in Tables
1 and 3) in the thiourea non-adduct fraction of Extract I all showed a very intense
ion at mfe 191, typically found in pentacyclic triterpanes with two adjacent quater-
nary carbon atoms at C-8 and C-14 [for example, structures (3a—e)] or at C-S and C-13
(XxypLE ef al., in press). The molecular formulae (Table 3) range from C,,H,, to
Cy2H,e with the notable absence of C,gH,4; this range is related to the nature of the
E ring substituent R which is also reflected in the masses of the intense ions at mfe
149, 177, 191, 205 and 219 (3a—¢).

’ }

* In tho present context, ‘triterpane’ is used to imply the suturated hydrocarbons pre-

. sumably derived from triterpenoids, and to include their proximate higher (Cy;, Cya - - <) and

lower (C,g, Cyy, C,;) homologues.
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Table 3. Cpy~C,; pentnoyeclic tritorpanes in the Messol and Green River Shales

Formula Mecssel triterpanes Green River triterpanes®

CpH,q  Trisnorhopane (3a, ca. 3:5%)t C;;H,¢ (trace)
17«H-Trisnorhopano (3a, 17«H, <19%)

Casllys nd- ' CysHl,y (trace)

N\
C,;H;,  Norhopone (3b, ca. 3-59)
17aH-Norhopane (3b, 17alf, <19)
Isoadinntane (3b, 21aH, <19%)

17«H-norhopane (3b, 17aH, ca. 29%)

Cyoflsy Hopano (3¢, ca. 2%) 17«H-hopane (30, 17«H, ca. 99%1)
17=H-Hopeane (3o, 17aH, <1%) gammacerane (14, ca. 3%)

CyoHje (ca. 4%)
CioHps (<1%)

CoHy Homohopane (34, ca. 7%) 17zH-hemohopane (3d, 17«H, <19%)
17«H-Homohopane (3d, 17a«H, <19%) CaH, (<1%)
Cy H;, (Hopaneflupane type <19%)

CpH,;  Bishomohopane 3o (<19) CaeH g (<1%)

* Takon from data of BTRLINCAME ef al. (1963); Hirys et al. (1966); HeNDERSOX et al.
{1963a, b); Garxrecos (1971); AxpeErs and RopmsonN (1971); Barocr ef al. (1973); Vax
DORSSELAER ¢! al. (in press).

1 9% of branched cyclic alkane fraction.

1 Previously tentatively identificd as hopane by HENDERSON ef al. (1968b); shown to be
17«(H) isomer by \WarTEHEAD (1971) and Barocx ef al. (1973).

n.d. not detected.

The major C,, triterpane (Fig. 1, peak 19) was identified (ExsMINGER ef al., 1972)
as one of the two C-22 stercoisomers of homohopane (3d, R = sec-C,H,). Tn the
present study the following authentioc standards were coinjected with the branched
and cyclic alkano fraction (Extract I, Fig. 1) on both Dexsil 300 and OV-101
phases: 22,29,30-trisnorhopane (3a); 380-norhopane (adiantane, 3b); hopane (3¢);
22,29,30-trisnor-17«H-hopane (3a, 17«F); 30-nor-17«H-hopane (3b, 17aH); 17«H-
hopane (3¢); 17«H-homohopane (3d; 17«H); and 30-normoretane (isoadiantane
3b, 21«H). The resulting peak enhancoments and the comparison of the capillary
GC-MS mass spectra (Dexsil 300 and OV-101) of the standards with those of the
Messel components (Fig. 3), allowed identification of components 6, 14 and 17 (Fig. 1)
as the C,,, C;, and C,;, members of the hopane series (3a~c, respectively), components
5, 9, 12 and 15 as the Cy,, Gy, Cyp and C;; members of the 1741 -hopane series (3a-d,
17«H, respectively). Similarly, component 11 (Fig. 1) was identificd as 30-nor-
moretane. The assignments are summarized in Table 1. Coinjection with authentic
moretane (30, 21aH), 17«H-moretane (3¢, 21«H, 17aH) and arborane (cycloalkane
from 4) showed that theso compounds were cither absent or present in very low
abundances.

The Messel triterpanes, therefore, appear to form two rclated series, each series
characterized by the stereochemistry at the D-E ring junction (i.e. carbon atom 17)
and bascd on variations (II, C,Hj, etc.) of the substituent R in the E ring. Since the
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Fig. 3. Nass spectra from capillary GC-MS on Dexsil 300 of Messel component
6 in ¥ig. 1 and authentio 22, 28, 30-trisnorhopane (3a).

more abundant series by far is the hopane series (3a-d), it is inferred that the only
C;; triterpane present, component 20 (Fig. 1, Table 1), is the C;; member of this
serics. Comparison of the mass spectrum of this component with those of the lower
members of the hopane series is also in agreement with this assignment. Component
13 (Fig. 1) appears to be an unsaturated pentacyclic triterpene hydrocarbon, C,oH,,
(Table 1), with a spectrum corresponding to that of hopane (3) or lupane (11)-types
of skeleton, i.o. a 5-membered E-ring; its presence in the branched/cyclic alkane
fraction indicates that the double bond is in o hindcred position. Comnponent 16, the
third C,, pentacyclic tritexpane, also appears to be related to the hopane (3) or
lupane (11) skeletons but its spectrum differs from that of homohopane (3d) and
17«II-homoliopane (3d, 17zH) in the relative abundances of the ions at m/e 191
and 205.

Draached and cyclic alkenes

Preliminary information was obtained by catalytic hydrogenation of an aliquot
followed by preparative Ag*-TLC. An unsaturated fraction was obtained from the
products and was dominated by a single component in the higher molecular weight
region. The mass spectrum indicated a molecular formula Cy,Hy,, and was similar
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Fig. 4. Capillary gas chromatogram of Messel branched and cyolic alkenes
(Extract II, urea non-adduct) on Dexsil 300 (isothermal 250°C).

to that obtained from an aunthentic sample of hop-17(21)-ene [3¢, A17(21)]. This
identification was confirmed by coinjection on both phases; furthermore, direct
analysis of the branched and cyclic alkene fraction by GC-MS and GLC coinjection
showed that the main component in Fig. 4 was hop-17(21)-ene, present intact in the
shale. This component has a different mass spectrum from that of peak 13 in the
branched/cyclic alkane fraction (Fig. 1, Table 1) which appears to be another hopene
from its mass spectrum with a hindered double bond, since it is present in the
alkanes after Ag+-TLC.

A fraction, corresponding to alkancs in Ag+TLC R,, was also isolated from the
hydrogensation products. GLC of this fraction indicated four main components. Tho
mass spectrum of the least volatile of these strongly resembled that obtained from
authentic lycopane (Fig. 2), which produced peak enhancement on both phases. The
identification of lycopane in this fraction indicates that one or more unsaturated
compounds having the same carbon skeleton are present in the sediment.

stcussxow

Lycopane

The identification of lycopane (1) is the first reported occurrence in a geological
material, a.lthough the structurally-related C,, compound squalane (12) has been
identified in a Nigerian crude oil (GARDNER and YWHITEREAD, 1972). The bicyolic
tetraterpane perhydro-S-carotene (13) has been identified in the Green River Forma-
tion oil shale (Murry ef al., 1967), and mass spectral data have also indicated the
presence of another C,,H, component, components of molecular formulas CgH,; to

- CeoHyo (GALLEGOS, 1971) and & monoeyclic C, H,, alkane (AxDERS and RoBINSON,

1971). Similar data obtained from hydrocarbon samples isolated from several deep
sea (JOIDES) cores indicated C,, compounds, including one of formula C,;H,,
(SnioNeIT and BurRLINGAME, 1971).

Analysis of another deep sea (JOIDES) core (HARE and HoERING, 1972) indicated
the presence of an acyclic C,, monohydroxy compound, apparently having the
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biosynthetically-interesting hcad-to-head coupling of two regular Cy, units.

The presence of tetraterpanes in the Messel and Green River Formation oil shales
indicates firstly a significant contribution of carotenoids to the original sediments,
and secondly that conditions in these sediments permitted the reduction of carbon-
carbon double bonds and the preservatmn of carotenoid carbon skelctons,

In contrast to the algal origin proposed for much of the organic matter in the
Green River Formation oil shale (BrabrLry, 1970), the explanation of significant
quantities of lycopane and the apparent absence of perhydro-f-carotene in the
Dlessel shale is less obvious. Acyclic carolcnoids have so far only been found as
major carotenoids in photosynthetio bacteria (Goonwrx, 1965, 1966, 1970; JENSEX,
1963, 1967; \WWEEDON, 1965) and the distribution of cyclic and acyclio structures
within the families indicates $hat non-sulphur purple bacteria (anaerobic hetcro-
trophs found in soils, stagnant ponds, ete.; - Vax Nixr, 1963) are likely to be the
main producers of acyelic carotenoids to the exclusion of their cyclic analogues.
Methylsteranes

The series of 4-methylsteranes is of particular significance in view of the co-
occurrence of their corresponding saturated 3-ketones and 3-alcohols (MATTERN et al.,
1970) and because cycloalkanes having these carbon skeletons have not so far been
reported to occur in other geological materials.

4-Monomethylsterols having C,y, Cyy or C;, carbon skeletons exist as minor sterol
components in a variety of plants but relatively large amounts of unsaturated
3-hydroxy derivatives of 4a-methylcholestane have been reported in the bacterium
Methylococcus capsulatus (BIrp et al., 1971a, b).

The identification of 4-methylstcmnes and their derivatives in a geological
material is of interest, as the occurrence of large amounts of 4-methy! compounds
relative to 4-desmethyl compounds contrasts with the relative abundances in present-
day plant species. This may be explained by supposing that the original Messel flora
was dominated by species synthesizing predominantly the 4-methyl structures, or

-that the 4-methyl compounds have survived diagenesis better than the 4-desmethyl-

sterols, or that the common 4-desmethyl-phytosterols were initially incorporated
into the sediment and were subsequently methylated at the 4-position. The estab-
lished intermedincy of 4-methylsterols in the biosynthesis of 4-desmothyl-phyto-
sterols (Rxes and GoopwiN, 1972, and references therein) supports the first
explanation and further studies may identify other bacterial species that produce
predominantly 4-methylsterols.

The co-occurrence of these skeletal types as alkanes, ketones and aleohols
indicates that the diagenetic and/or maturation processes involved redox reactions
producing ketones and hydrocarbons from bxologma.lly—ocemmv alcohols.

" Triterpanes

The most abundant triterpanes present comprise a series (3a—e) based on the
hopane ring structure. The presence of isoarborinol (4a) and arborinone (4b) as
major constituents of the Messel shale, taken with the absence of the corresponding
cycloalkane, arborane, in the hydrocarbon fraction, suggests that the geological
hopane-type hydrocarbons derive from 3-desoxy-tritcrpanes with the same skeleton,
rather than from 3-oxygenated precursors. Such 3-desoxycarbon skeletons occur in
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ferns (BErTI and Borrant, 1968; Borraxr ef al., 1972). Also, recont studies have
shown that hopane (3c), hop-22(29)-ene (3¢, R-iso C;H,) and hop-17(21)-ene [3c,
Al7(21)] are present in the bacterium Bacillus acidocaldarius, along with two minor
components ascribed to a C,, hopane-type alkane and alkene, respectively (D Rosa
¢t al., 1971, 1973); hop-22(29)-eno has also been isolated from the bacterium
Methylococcus capsulatus and other prokaryotes (BIrp ef al., 1971a, b). Re-examina-
tion of the mass spectrum of a polycyclic hydrocarbon isolated from each of three
species of blue-green algae, Lyngbya aestuarii, Nostoc sp., and Chroococcus lurgidus
(GELET et al., 1970) suggests that this compound is probably also hop-22(29)-ene.

The second, minor triterpane series (3a—d, 17«H) present in the Messel shale has
the 17«H stereochemistry; at present there is no report of the occurrence in living
organisms of any compound with a carbon skeleton of this type.

Extended (>C,,) and degraded (<C;,) pentacyclic triterpanes have been detected
by mass spectrometry in a variety of geological materials: oil shales (HENDERSON
et al., 1968a, b; Douaras et ql., 1069; GarrEcos, 1971; WszoLEK ¢f al., 1971;
AxpERS and Roprnsow, 1971; Arerxo efal., 1971; Vax DorsSELAER éf al., in press),
coal and lignite (MaxweLL, 1967; VAN DORSSELAER éf al., in press, and crude oil
(Daxxsrrx et al., 1968; HILLs ef al., 1970; WHITEREAD, 1971; Vax DORSSELAER
et al., in press).

Such tnterpa.no carbon skeletons may be conmdered to be of essentially a geo-

chemical origin, i.e. formed by the alteration of C;, biolipids by the physical and
chemical effects of the gcological environment, a biogeochemical origin, i.e. formed
by the action of organisms in the forming sediment, or a biochemical origin, i.e.
formed by orga.msma before sedimentation.
(i) Geochemical origin of lriterpanes. The formation of degmded triterpanes con-
taining 27 and 29, but not 28, carbon atoms from a C,, precursor, is & problem similar
to that of the formation of Ci¢» C14 and Gy, but nof the C,;, isoprenoid alkanes from
& C,o precursor. The C,; compound (cf. the C,, isoprenoid) can only be derived by
cleavage of two C—C bonds located at the same carbon atom; only single carbon-
carbon bond cleavages would be required for the formation of the C,; (cf. the C,,
isoprénoid) and the C,; (cf. the C,q isoprenoid) structures. Participation of the
insoluble organic kerogen matrix in the formation of these triterpanes has been
proposed (ARPIXO et al., 1971). However, the subsequent identification (ExsyINGER
el al., 1972) of only one of the two C-22 stereoisomers of the C;, triterpane homo-
hopane in the Messel shale is inconsistent with the particular route proposed by
ARPrxo ef al. (1971). In addition, the occurrence of homohopane (3d) and other
alkylated and dealkylated hopane-type hydrocarbons in recently-deposited lacustrine
sediments (CRaNWELL, 1973 ; EGLINTONX et al., in press) indicates that such compounds
can be formed at the very earliest stages of diagenesis, although it is not yet certain
that the compounds in these sediments are not derived from older geological mate-
fals. However, if they are syngenetio with the contemporary sediments in which
they occur, then it appears that thermal cracking (carbon~carbon bond cleavage) of
the Lkerogen matrix is not a necessary prerequisite for their formation.

(ii) Biogeochemicallbiochemical origin of trilcrpanes. Several related possibilities
exist:—

(a) The alkylated, degraded and C,, triterpane skeletons were produced by species
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of the original Messel biota which were capable of synthesizing these skeletons .

directly (biogenesis), presumably from squalene or squalene epoxide followed
by the gain or loss of carbon atoms. The ocourrence of a C;; hopane-type
alkene and alkane in a bacterium (pE Rosa et al., 1971, 1973) indicates that
a biosynthetic pathway exists in microorganisms for the formation of the C,,
skeleton and its saturation.

(b) The triterponoids originally deposited in the sediment were of the types found -

in present-day organisms (the C,, hopane and C;, adiantane skeletons) and
carbon atoms were subsequently added and removed by m1croorgnmsms
during early-stage diagenesis (bioalteration).

In cases (a) and (b), the additional carbon atoms would presumably be supplied
by methionine. Mechanisms paralleling those involved in the biosynthesis of the
C-24 elkylated sterols (LEDERER, 1969) can be envisaged which would be expected
to form the observed single Cq, sterecisomer (R or §; ENSMINGER et al., 1972) of the
C,; homohopane bearing a sec-butyl (1-methylpropyl) substituent.

Parallels for the specific removal of carbon atoms to form the C,; and Cy, but
not the C,,, pentacylic structures are less obvious. The biosynthetic route for the
formation of adiantane (C,,) derivatives in plants is not known, but the loss of
catbon atoms from the C-4 and C-14 positions in sterols and certain tetracyelic
triterpenoids proceeds by the sequential oxidation of a methyl group to a carboxyl
group followed by decarboxylation (Goap, 1969). Similar decarboxylation of a
hopane skeleton would imply the stepwise removal of carbon atoms, which does not
preclude formation of a C,, carbon skeleton. It appears, therefore, that, if route (b)
is the one involved, the mechanism involved must be sensitive to the precise branched
structure of the isopropyl side chain and specific reactive sites in the form of
functional groups must be available at the 22-29 (C,, structure) and '21-22 (C,,
structuré) bonds. Both the biologically-occurring triterpencids 22-hydroxyhopane
and hop-22(29)-ene could provide such sites, the former by dehydration [to hop-
22(29)-ene and hop-21(22)-ene] and the latter by reacting directly and by double
bond isomerization to hop-21(22)-ene (which occurs very readily in the laboratory
with mild acids).

(o) The triterpanes could be the degradation produocts of a biologically-produced
C,s pentacyclic isoprenocid (WiwrTeEmEAD, 1972). For example, the major
Messel triterpane, homohopane (3d) could have arisen from decarboxylation
of one of the C-22 stereoisomers of the homologous C;; acid (3d, R =
C;HyCO,H), itself formed by degradation of a pentacyelic Cy; compound
ExsaaNGeR ef al., in press). Possible precursor compounds have recently been
isolated from a bacterium (FORSTER ef al., 1973).

Our present data do not allow distinction between possibilities (a), (b) and (c)
but the evidence available points towards the involvement of microorganisms in
the formulation of the extended and degraded hopanes in the Messel shale.

The origin of the 17«H-configuration in the minor Messel triterpane series (3a—d,
17aH) is also of intcrest because no carbon skeletons of this type have been found
in living organisms. ENSMINGER et al. (in press) have provided evidence that the ratio
of the 17«II alkane to the 178H alkane in geological samples provides an indication
of the extent of maturation. Thus, mature sediments and crude oils are characterized

'
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by a high abundance of the more stable 17aH alkanes relative to the 17ﬁH alkanes,
possxbly es & result of epimerization of the 17pH alkanes. This may not be the
situation with respect to all samples, however, because abundant hopanes with the
17<H configuration appear to be present in several recently-deposited lacustrine
sediments (EGLINTON ef al., in press), suggesting that the 17«H configuration can be
formed in some samples at the earliest stages of diagenesis, although their syngenetic
origin with these contemporary sediments is not yet fully proved.

CoxoLusioNs

The carbon skeletons of the tri-and tetraterpenoid alkanes of the Messel shale
provide an interesting ‘comparison with those of the well-studied Green River
Formation shale; the shales are of similar age (~ 50 X 10°yr) but the Messel
appears to have experienced milder thermal oonditions (~ 40°C, cf. 90-125°C for the
Green River shale—BrADLEY, 1970). Both shales are derived from shallow lecustrine
peleoenvironments with sub-tropical climates, but the Green River Formation was
deposited by an extensive lake, contrasting with the much smaller area of the Messel
environment which comprised a series of small swamp-lakes linked by slow-moving
fluvial systems. The biological input to the Green River Formation shale is thought
to have been mainly algae (Xanthophyceae, Chloropyceae, Cyanophyceae) together
with water-borne or wind-blown pollens and spores (BRapLEY, 1970). Available
data for the Messel shale (S1TTLER, 1968; ScHULER, 1971) show that pollens from
Ptendophyta., Myricaceae, Fagaceae (Casta.neoxdene) and Cupressacen.e predominated
in the paleoenvironment.

The alkane;alkene ratios of the two shales (ca. 2:1 and 1:4 for Green River and
Messel, respectively) may reflect the milder d.laﬂenetlc/ma.tura.t.!on history of the
Messel shale. Tri- and tetraterpenoid alkanes are present in hlgh relative abundance
in both shales; however, the only major Messel tetraterpane is the acyclic lycopane
(ca. 3-5 per cent of branched and cyclic alkanes), whereos the blcycho pechydro-f-
carotene (ca. 18 per cent of branched and cyclic alkanes) is the major tetraterpane
of the Green River shale. The major Messel steranes are the 4-methyl compounds
which are less abundant than the triterpanes present, whercas those of the Green
River shale are the 4-desmethyl analogues which are more abundant than the
triterpanes (BURLINGAME et of., 1965; Hiuis ef al., 1968; HexDERSON e al,
1968a, b; ANDERSOX ef al., 1969 Gmcos, 1971; A.m:nxs a.nd Rosinsox, 1971).
These carbon skelston dxﬂ'erences ate also evident in the corresponding stanol
fractions (MATTERX et al., 1970; STEEL and HENXDERSON, 1972).

Differences are also appo,rent in the pentacyclic triterpane fractions when the
Messel components are compared with the tnterpn.nes of the Green River shale
isolated by several investigators (Table 3). It is difficult to compare tho data from
several investigators who have used different techniques to study the Green River
ghalo triterpanes, but the comparison in Table 3 appears to be valid because of the
overall similarities in the different gas chromatographio distributions. An abundant
Green River component is gammacerane (14) but no pentacyclic triterpanes with all
six-membered rings could be detected in the Messel shale. The most abundant
Messcl triterpanes aro the hopane series (3a~¢), with the 17«H series (32—d) present
.in lower concentrations. In the Green River shale the 17«H compounds (3b-d)
predominato.
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Taken together, tho differences in tetraterpane, sterane and triterpane skeletons
in the two sediments must reflect differences in the organisms contributing the
precursor polyterpenoids, and therefore diffcrences in the paleocenvironments. This
also suggests that identification of the completo suites of the structurally-specifio
alkanes in a range of sediments may provide a chemical method of classification and
chnracterization of palecenvironments. 4-Methylsterols, acyclic carotenes and
hopane-type triterpenoid hydrocarbons are abundant components of certain
prokaryotic organisms, and identical or structurally-related compounds are found in
the Messel shale suggesting a significant microbial contribution to the sediment. The
hopane-type skeletons may also be derived in part from the hydrocarbons of
Pteridophytes (ferns). These may be inferred to be one of the predominant species
in the Messel palecenvironment from the available data on fossil plants and pollens
(SrrTLER, 1968; ScEHULER, 1971), and such compounds are relatively abundant in
present-day Pteridophytes.

The reversal of the hopane: 17xH-hopane triterpane abundances in the two
sediments may also reflect the milder diagenetio/maturation history of the Messel
shale, as suggested by ExsyaNGER ef al. (in press).
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